By 2010 Africa's urban population will have grown to over 420 million with on-site sanitation the predominant excreta disposal option. The use of on-site sanitation has important public health benefits but can result in large faecally derived loadings of nitrogen and chloride to groundwater resources. Nitrate is of particular concern, with elevated concentrations linked to potentially serious health problems. N and Cl can derive from natural sources so it is important to quantify the additional impact of human activities. Several authors have used empirical relationships between nitrate and chloride concentrations to assess the extent to which excreta influences groundwater quality. However, these relationships have assumed fixed loadings from excreta. other African cities to allow the calculation of a general nitrate and chloride relationship for unsewered African urban areas. Potential interventions to help arrest rising nitrate levels and so provide a public health benefit are also examined.
INTRODUCTION
By mid-2007, for the first time in human history, the majority of the world's population will be urban dwellers.
As with Asia and Latin America, Africa has been undergoing rapid urbanisation and it has been estimated that some 430 million of an anticipated 1 billion African population will be living in cities by 2010, a significant increase on the 300 million people inhabiting African cities in 2000 (UN-HABITAT 2003) . The vast majority (. 60%) will be living in towns with less than 500 000 inhabitants.
Rapid urbanisation typically results in densely populated
areas that lack adequate infrastructure and have poor hygienic conditions. This is especially true in smaller towns that generally have fewer resources available to them than do the larger capital cities. Dramatic increases in urban populations are already impacting on water supply and distribution systems. This can be seen in East Africa where the number of hours of service provided by piped water systems has dropped and queuing times at community wells have increased over the last 30 years (Thompson et al. 2001) . The high rate of urbanisation and inadequate resources in such areas has meant that pit latrines are the principal sanitation option available. This will most likely doi: 10.2166/wh.2007.040 remain the case for dense urban populations in African cities for the foreseeable future.
Groundwater is a vital source of drinking water in African towns and cities, but this resource often has been compromised by the combined use of aquifers as a repository for human waste Cronin et al. 2006) . Previous research has generally focused on microbiological contamination from on-site sanitation in African towns (e.g. Howard et al. 2003; ).
However, degradation of chemical water quality can also impact on health, especially as a result of nitrate contamination associated with on-site sanitation. This has often been neglected in past studies of water quality in urban areas.
Nitrate concentrations in excess of drinking water quality guideline values, defined by the World Health Organisation as . 10 mg/l NO 3 (as N), can result in methaemoglobinaemia (blue-baby syndrome) in children (Comly 1945) . This occurs when nitrate in the stomach of infants is reduced to nitrite. The nitrite is then able to oxidise haemoglobin to methaemoglobin which is unable to transport oxygen around the body (WHO 2004) . There is also substantial evidence collected from animal experiments that carcinogenic N-nitroso compounds are found in the stomach and intestinal tract following chronic ingestion of elevated nitrate (Nomura 1996) . In addition, there are claims that high nitrate concentrations can lead to spontaneous abortions (e.g. Grant et al. 1996) though no study relating to this topic can be regarded as definitive (Schubert et al. 1999) . Nitrates in soil and groundwater are typically derived from the microbial degradation of organic nitrogenous material such as protein to ammonium ions that are then oxidised to nitrite and subsequently to nitrate by aerobic chemolithotrophs (Hounslow 1995) . Typical strategies for reducing excess nitrate in drinking water supplies in developed countries has been either to blend high nitrate waters with lower concentration waters or to remove it by a treatment process such as ion exchange.
Neither are viable low cost options that are generally available in sub-Saharan Africa. Hence, prevention of excessive N loadings to aquifer systems used for water supply is the optimal control option. No health-based guideline value is proposed for chloride in drinking water though concentrations in excess of about 250 mg/l can give rise to detectable taste in water and so this is regarded as the maximum allowable guideline value (WHO 2004) .
Despite the public health implications of faecally derived chemicals, these parameters have often been omitted from groundwater quality monitoring programmes in developing countries. Taylor et al. (2004) , reviewing available geochemical data from urban areas in subSaharan Africa, found fewer than 10 studies that included urban groundwater nitrate and chloride concentrations and concluded that the quality of groundwater in urban areas of sub-Saharan Africa has been the subject of very few detailed studies and rising nitrate concentrations have been identified as a concern in North African countries such as Morocco (Abouzaid & Echihabi 1995 The slab is moved alternately between pits, the first pit being emptied only when the second pit is completely full. The Arborloo (Morgan 2005 ) sees a young fruit tree planted on the site of a full latrine pit and formalizes a practice that has been in evidence in Niassa for decades (Breslin 2001) .
Timbuktu, Mali
Timbuktu is a city of just under 40 000 population located in Small piped system but mainly traditional shallow hand dug wells; improved windlass wells, Afridev handpumps, rope pumps, local swamps and springs
Sanitation types
Pit latrines (traditional and improved) and seepage pits in urban areas. Latrines are rare in rural areas except at schools and health centres. Table 2 ).
Estimation of country-specific nitrogen values in excreta
The amount of nitrogen in food is linearly correlated with its 
RESULTS
The impact of urbanisation on groundwater quality were not detected outside of the urban area save at specific wells, most likely subject to contamination. As in Mozambique, the electrical conductivity results from all wells sampled in northern Mali tended to be lower during the dry 
Nitrate and chloride groundwater concentration estimation
Annual per capita N and Cl loadings from excreta for the case study cities (Table 4) 
(1)
(1) These values were applied to the formula of Foster & Hirata (1988) given in Equation (1) The town centre is circled and the solid black lines indicating the tarred road network. Temporal variation is illustrated by displaying the minimum and maximum nitrate values (mg/l as N) at available wells; the number of sample points is given in brackets after the values. All wells without these values were sampled on one occasion only. concentrations, which are towards the middle of the calculated range (Table 3 ). The calculated upper and lower N:Cl ratios (as calculated from Table 4) Hence, values from other African unsewered cities may be plotted on a similar graph to assess the extent to which faecal loading is adversely affecting groundwater quality.
The limitation of this method, however, has been demonstrated by some localised results from northern
Mali where local background chloride concentrations were elevated (most probably due to groundwater dissolution of halite) or where inputs to Equation (1) may be suspect and this is why the Timbuktu point is so far from the (Table 4) .
Typical diets in Mozambique and Mali are heavily dependent on low protein, cereal foods (i.e. millet, sorghum, rice, maize, wheat) though high protein beans are very popular in Niassa. In Mali, cereals are reported to account for 74% of the energy in the diet (Barikmo et al. 2004) . Table 6 highlights the differences in nitrogen excreta loading even among African countries. Of course, there may be considerable variation in consumption among individuals and regions depending on diet, supply and even geographical differences in nutrient content for the same cereal (e.g. and extending the distribution system to serve the outskirts of the city, the potential hazard of ingesting high nitrate groundwater could be reduced.
Barikmo

Interventions to address elevated nutrient values
As stated in the introduction, on-site sanitation will continue to be the predominant form of sanitation in periurban and urban Africa for the foreseeable future. The rapid rate of urbanisation and the high capital and maintenance costs associated with conventional sewer networks means Figure 5 ).
Interventions are required if it is desired to reduce nitrate concentrations in drinking water to meet international standards and so diminish the associated health risks.
Neither treatment, which is costly, nor control by blending, are practical options in sub-Saharan urban areas.
One potential intervention to reduce the nitrogen loadings to underlying aquifers would be to intercept the Poor enforcement of environmental regulations compounds this problem.
